The synthesis and crystal structures of a series of 6-arylfuvlenes (fulvene is 5-methylidenecyclopenta-1,3-diene) with varying methylation patterns on the 6-phenyl substituent are reported, namely 6-(3-methylphenyl)-1,3-diphenylfulvene (C 25 H 20 ), 6-(4-methylphenyl)-1,3-diphenylfulvene (C 25 H 20 ), 6-mesityl-3-diphenylfulvene (C 27 H 24 ) and 6-(2,3,4,5,6-pentamethylphenyl)-1,3-diphenylfulvene (C 29 H 28 ). The bond lengths are typical of those observed in related fulvenes. A network of C-HÁ Á Á ring interactions consolidates the packing in each structure.
Chemical context
Pentafulvenes have garnered interested because of their unique cross-conjugated electronic system. Fulvenes have been explored for applications as chromophores (Jayamurugan et al., 2013) , frustrated Lewis pair scaffolds (Mö mming et al., 2011) , and ligands for metal-fulvene complexes (Erker, 2011) . To facilitate the inclusion in transition-metal complexes, reduction to a cyclopentadiene ligand (Gó mez-Ruiz et al., 2005) or reductive coupling to ansa bis-cyclopentadiene ligand (Adas & Balaich, 2018) are the most common reactions. As part of our work in this area, we now report the syntheses and crystal structures of a series of 1,3-diphenylfulvenes bearing 6-phenyl substituent with diverse methylation patterns, viz. 1,3-diphenyl-6-(3-methylphenyl)fulvene (C 25 H 20 ) I, 1,3-diphenyl-6-(4-methylphenyl)fulvene (C 25 H 20 ) II, 3-diphenyl-6-mesitylfulvene (C 27 H 24 ) III and 1, 3-diphenyl-6-(2,3,4,5,6-pentamethylphenyl) fulvene (C 29 H 28 ) IV (Figs. 1-4).
Structural commentary
Compounds I and IV crystallize in the monoclinic space group C2/c ( Fig. 1) , compound II in the monoclinic space group P2 1 / c, and compound III the orthorhombic space group Pca2 1 . With the exception of III, in which the asymmetric unit contains two complete fulvene molecules, each compound crystallizes with one molecule per asymmetric unit. In each compound, the expected alternating long-short intra-ring bond lengths are observed. The phenyl substituents are ISSN 2056-9890 rotated from 19.50 (6) to 64.15 (7) from the cyclopentadiene core of the fulvene (Table 1 ). The rotation is larger for each substituent in IV, likely because of the additional steric interactions provided by the pentamethyl substituent.
For fulvene I, the phenyl substituents are rotated 32.08 (7), 19.50 (6) and 31.99 (6) from the cyclopentadiene core for the 1-phenyl, 3-phenyl, and 6-phenyl substituents, respectively. In compound II, the phenyl substituents are rotated 31.83 (5), 20.92 (5) and 35.13 (5) from the cyclopentadiene core for the 1-phenyl, 3-phenyl, and 6-phenyl substituents, respectively. For compound III, the phenyl substituents are rotated an average of 21.33 (13), 38.02 (13) and 57.22 (14) from the cyclopentadiene core for the 1-phenyl, 3-phenyl, and 6-phenyl substituents, respectively. In fulvene IV, each phenyl ring is rotated further from the core of the fulvene molecule, likely because of the additional steric interactions provided by the pentamethylphenyl substituent. The phenyl substituents are rotated by 41.65 (7), 25.17 (7) and 64.15 (7) from the cyclopentadiene core for the 1-phenyl, 3-phenyl, and 6-phenyl substituents, respectively.
Supramolecular features
The packing for each compound I-IV is consolidated through a series of C-HÁ Á Á ring interactions. In I, each molecule participates in C-HÁ Á Á ring interactions with six other fulvene molecules. Each molecule acts as a C-H donor through the hydrogen atoms in the para position of each phenyl substituent, H10 and H16, as well as a meta hydrogen atom, H23, from the 6-(3-methylphenyl) substituent. Additionally, the ring of the 3-phenyl and 6-(3-methylphenyl) substituents accept C-H interactions, with the latter accepting donations from both sides of the ring (Table 2 and The molecular structure of IV. Displacement ellipsoids are shown at the 50% probability level. Notes: (a) plane defined by atoms C1-C5; (a) plane defined by the atoms of the specific phenyl ring substituent.
Figure 1
The molecular structure of I. Displacement ellipsoids are shown at the 50% probability level.
Figure 2
The molecular structure of II. Displacement ellipsoids are shown at the 50% probability level.
Figure 3
The molecular structure of III. Displacement ellipsoids are shown at the 50% probability level.
and H17 as well as methyl hydrogen atom H25A act as donors. The 3-phenyl and 6-(4-methylphenyl) substituents act as C-H acceptors, with the former accepting donations from both sides of the ring (Table 3 and Fig. 6 ). The interactions differ between the two molecules within the asymmetric unit of III.
One of the molecules contributes four C-H donor sites, H37, H39, H53A, and H54C, with the ring of each phenyl substituent as well as the fulvene core acting as acceptors. In the other molecule, H10 and H25C act as C-H donors with the system of the 1-phenyl and 3-phenyl substituents accepting, the latter accepting C-H interactions from both sides of the ring (Table 4 and Fig. 7 ). Fulvene IV interacts with four other molecules via C-HÁ Á Á ring interactions. The para hydrogen atom of the 1-phenyl substituent and one of the hydrogen atoms of the para methyl group of the 6-(2,3,4,5,6-pentametyhlphenyl) substituent, H27C, serve as C-H donors The crystal packing of II. Displacement ellipsoids are shown at the 50% probability level. C-HÁ Á Á ring interactions (Table 3) are shown as dashed lines. Table 4 Hydrogen-bond geometry (Å , ) for (III).
Cg5, Cg6, Cg7, Cg8, and Cg9 are the centroids of the C40-C45, C7-C12, C13-C18, C28-C32, and C34-C39 rings, respectively. 
Figure 8
The crystal packing of IV, viewed along the b axis. Displacement ellipsoids are shown at the 50% probability level. C-HÁ Á Á ring interactions (Table 5 ) are shown as dashed lines. Table 2 Hydrogen-bond geometry (Å , ) for (I).
Cg1 and Cg2 are the centroids of the C13-C18 and C19-C24 rings, respectively. Table 3 Hydrogen-bond geometry (Å , ) for (II).
Cg3 and Cg4 are the centroids of the C7-C12 and C19-C24 rings, respectively. 
Figure 5
The crystal packing of I. Displacement ellipsoids are shown at the 50% probability level. C-HÁ Á Á ring interactions (Table 2 ) are shown as dashed lines.
Table 5
Hydrogen-bond geometry (Å , ) for (IV).
Cg10 is the centroid of the C13-C18 ring.
for two separate fulvene molecules. The 6-(2,3,4,5,6-pentametyhlphenyl) ring accepts C-H donation from two additional molecules (Table 5 and Fig. 8 ).
Database survey
A survey of the November 2019 release of the Cambridge Structure Database (Groom et al., 2016) , with updates through February 2019, was made using the program Mogul (Bruno et al., 2004) . A search for 1,3-diphenyl fulvenes and 6-aryl-1,3-diphenyl fulvenes yielded 78 and 35 results, respectively. In both cases, the phenyl-fulvene torsion angles produce a bimodal distribution with broad peaks at 50 and 130 . The torsion angles in I-IV are therefore not unusual.
Synthesis and crystallization
Each compound was prepared by a modified literature procedure (Peloquin et al., 2012) .
1,3-diphenyl-6-(3-methylphenyl)fulvene (I). To a vigorously stirred solution of 1,3-diphenylcyclopentadiene (0.230 g, 1.05 mmol) in absolute EtOH (25 ml), 3-methylbenzaldehyde (0.189 g, 1.58 mmol) and pyrrolidine (0.12 g, 1.68 mmol) were added. The reaction mixture was allowed to stir at room (Bruker, 2017) , SHELXT (Sheldrick, 2015a) , SHELXL (Sheldrick, 2015b) , ORTEP-3 for Windows (Farrugia, 2012) , Mercury (Macrae, et al., 2008) and publCIF (Westrip, 2010) .
Figure 7
The crystal packing of III. Displacement ellipsoids are shown at the 50% probability level. C-HÁ Á Á ring interactions (Table 4 ) are shown as dashed lines.
temperature for 22 h. The precipitate from the reaction mixture was vacuum filtered, washed with cold absolute EtOH (3 Â 30 ml), and vacuum dried to give I as a dark-red solid (0.211 g, 63%). Red prisms suitable for single-crystal X-ray diffraction were obtained from diethyl ether solution by slow evaporation. 1,3-diphenyl-6-(4-methylphenyl)fulvene (II). To a vigorously stirred solution of 1,3-diphenylcyclopentadiene (0.336 g, 1.42 mmol) in absolute EtOH (8 ml), 4-methylbenzaldehyde (0.25 ml, 2.13 mmol) and pyrrolidine (0.14 ml, 1.70 mmol) were added. The reaction mixture was allowed to stir at room temperature for 24 h. The precipitate from the reaction mixture was vacuum filtered, washed with cold absolute EtOH (3 Â 30 ml), and vacuum dried to give II as a dark-red solid (0.251 g, 75%). Red prisms suitable for single-crystal X-ray diffraction were obtained from diethyl ether solution by slow evaporation.
3-diphenyl-6-mesitylfulvene (III). To a vigorously stirred solution of 1,3-diphenylcyclopentadiene (1.434 g, 6.57 mmol) in absolute EtOH (50 ml), mesitylaldehyde (1.173 g, 7.91 mmol) and pyrrolidine (0.789 g, 11.09 mmol) were added. The reaction mixture was allowed to stir at reflux for 24 h. The reaction mixture was cooled to 278 K and the resulting precipitate was vacuum filtered, washed with cold absolute EtOH (3 Â 30 ml), and vacuum dried to give III as a redorange solid (1.85 g, 81%). Irregular red crystals suitable for single-crystal X-ray diffraction were obtained from pentane solution by slow evaporation.
1,3-diphenyl-6-(2,3,4,5,6-pentamethylphenyl)fulvene (IV). To a vigorously stirred solution of 1,3-diphenylcyclopentadiene (2.1 g, 9.62 mmol) in absolute EtOH (50 ml), 2,3,4,5,6-pentamethylbenzaldehyde (2.04 g, 11.55 mmol) and pyrrolidine (1.09 g, 15.40 mmol) were added. The reaction mixture was allowed to stir at room temperature for 24 h. The precipitate from the reaction mixture was vacuum filtered, washed with cold absolute EtOH (3 Â 30 ml), and vacuum dried to give IV as an orange solid (2.93 g, 82%). Orange needles suitable for single-crystal X-ray diffraction were obtained from ethyl acetate solution by slow evaporation.
Refinement
Crystal data, data collection and structure refinement details are summarized in Table 6 . H atoms were positioned geometrically and refined as riding with C-H = 0.93-0.96 Å and U iso (H) = 1.2-1.5U eq (C). The absolute structure of III was indeterminate in the present refinement. Compound III was refined as an inversion twin. 
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Computing details
For all structures, data collection: APEX3 (Bruker, 2017 ); cell refinement: SAINT (Bruker, 2017) ; data reduction: SAINT (Bruker, 2017 ); program(s) used to solve structure: SHELXT (Sheldrick, 2015a ); program(s) used to refine structure: SHELXL (Sheldrick, 2015b) ; molecular graphics: ORTEP-3 for Windows (Farrugia, 2012) and Mercury (Macrae, et al., 2008) ; software used to prepare material for publication: publCIF (Westrip, 2010) .
{3-[(3-Methylphenyl)methylidene]-4-phenylcyclopenta-1,4-dien-1-yl}benzene (I)
Crystal data 
Special details
Geometry. All esds (except the esd in the dihedral angle between two l.s. planes) are estimated using the full covariance matrix. The cell esds are taken into account individually in the estimation of esds in distances, angles and torsion angles; correlations between esds in cell parameters are only used when they are defined by crystal symmetry. An approximate (isotropic) treatment of cell esds is used for estimating esds involving l.s. planes. Symmetry codes:
Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (
(i) −x, y−1, −z+1/2; (ii) −x+1/2, y+3/2, −z+1/2; (iii) x, −y, z−1/2.
{3-[(4-Methylphenyl)methylidene]-4-phenylcyclopenta-1,4-dien-1-yl}benzene (II)
Special details
Geometry. All esds (except the esd in the dihedral angle between two l.s. planes) are estimated using the full covariance matrix. The cell esds are taken into account individually in the estimation of esds in distances, angles and torsion angles; correlations between esds in cell parameters are only used when they are defined by crystal symmetry. An approximate (isotropic) treatment of cell esds is used for estimating esds involving l.s. planes. Symmetry codes: (i) −x, y−1/2, −z+1/2; (ii) x, −y−3/2, z−3/2; (iii) −x+1, −y+1, −z+1.
{3-[(2,4,6-Trimethylphenyl)methylidene]-4-phenylcyclopenta-1,4-dien-1-yl}benzene (III)
Special details
Geometry. All esds (except the esd in the dihedral angle between two l.s. planes) are estimated using the full covariance matrix. The cell esds are taken into account individually in the estimation of esds in distances, angles and torsion angles; correlations between esds in cell parameters are only used when they are defined by crystal symmetry. An approximate (isotropic) treatment of cell esds is used for estimating esds involving l.s. planes. Special details Geometry. All esds (except the esd in the dihedral angle between two l.s. planes) are estimated using the full covariance matrix. The cell esds are taken into account individually in the estimation of esds in distances, angles and torsion angles; correlations between esds in cell parameters are only used when they are defined by crystal symmetry. An approximate (isotropic) treatment of cell esds is used for estimating esds involving l.s. planes. 0.0204 (9) 0.0265 (9) 0.0164 (8) −0.0024 (7) −0.0016 (7) 0.0039 (7) C5 0.0197 (9) 0.0242 (9) 0.0222 (9) −0.0013 (7) 0.0009 (7) −0.0007 (7) C20 0.0216 (9) 0.0257 (9) 0.0182 (8) −0.0012 (7) −0.0015 (7) 0.0046 (7) C4 0.0203 (9) 0.0263 (9) 0.0215 (9) −0.0013 (7) 0.0019 (7) 0.0020 (7) C14 0.0212 (9) 0.0273 (10) 0.0242 (9) 0.0018 (7) 0.0027 (7) −0.0006 (7) C12 0.0196 (9) 0.0258 (9) 0.0224 (9) −0.0016 (7) −0.0022 (7) 0.0006 (7) C8 0.0198 (9) 0.0264 (10) 0.0232 (9) 0.0009 (7) −0.0003 (7) 0.0012 (7) C3 0.0205 (9) 0.0229 (9) 0.0216 (9) 0.0015 (7) 0.0033 (7) 0.0004 (7) C1 0.0205 (9) 0.0250 (9) 0.0208 (9) −0.0005 (7) 0.0009 (7) 0.0000 (7) C2 0.0190 (9) 0.0258 (9) 0.0210 (8) −0.0018 (7) 0.0000 (7) −0.0019 (7) C18 0.0225 (9) 0.0275 (10) 0.0219 (9) 0.0007 (8) 0.0011 (7) −0.0005 (7) C6 0.0228 (9) 0.0257 (9) 0.0204 (8) −0.0028 (7) 0.0018 (7) 0.0021 (7 
Refinement. Refined as a two-component inversion twin
Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (
